Tau pathogenicity in Alzheimer's disease and other tauopathies is thought to involve the generation of hyperphosphorylated, truncated, and oligomeric tau species with enhanced neurotoxicity, although the generative mechanisms and the implications for disease therapy are not well understood. Here, we report a striking rescue from mutant tau toxicity in the JNPL3 mouse model of tauopathy. We show that pathological activation of calpains gives rise to a range of potentially toxic forms of tau, directly, and by activating cdk5. Calpain overactivation in brains of these mice is accelerated as a result of the marked depletion of the endogenous calpain inhibitor, calpastatin. When levels of this inhibitor are restored in neurons of JNPL3 mice by overexpressing calpastatin, tauopathy is prevented, including calpain-mediated breakdown of cytoskeletal proteins, cdk5 activation, tau hyperphosphorylation, formation of potentially neurotoxic tau fragments by either calpain or caspase-3, and tau oligomerization. Calpastatin overexpression also prevents loss of motor axons, delays disease onset, and extends survival of JNPL3 mice by 3 months to within the range of normal lifespan. Our findings support the therapeutic promise of highly specific calpain inhibition in the treatment of tauopathies and other neurodegenerative states.
Introduction
The microtubule-associated protein tau (Iqbal et al., 2010) accumulates in tauopathies, Alzheimer's disease (AD), progressive supranuclear palsy, corticobasal degeneration, and frontotemporal dementia (Ferreira and Bigio, 2011) . Tau mutations have been identified in frontotemporal dementia with Parkinsonism associated with chromosome 17 (FTDP-17) patients (Hutton et al., 1998; Poorkaj et al., 1998) . In AD, aggregates of hyperphosphorylated tau form perikaryal neurofibrillary tangles or neuropil threads within dystrophic neurites, as the disease progresses. Tau pathology is accelerated by rising amyloid ␤ peptide levels or ␤-amyloid deposition (Lee et al., 2001; Binder et al., 2005; Ward et al., 2012) .
How tau exerts neurotoxicity is not well understood. Hyperphosphorylation of tau can alter its conformation, causing dissociation from microtubules and possibly impeding axonal transport (Lee et al., 2001; Ward et al., 2012) . Altered activities of cdk5, ERK1/2, GSK3␤, and PP2A (phosphatase 2A) contribute to pathological tau hyperphosphorylation and have disruptive effects on neuronal cell function, leading to neurodegeneration (Iqbal et al., 2010) . Tau can also form neurotoxic oligomers which affect synaptic receptors or membranes Lasagna-Reeves et al., 2011a; Henkins et al., 2012; Ward et al., 2012) by disrupting vesicular trafficking or function, and may propagate toxicity transneuronally (de Calignon et al., 2012; Liu et al., 2012; Walker et al., 2013) .
Calpains, a family of calcium-dependent cysteine proteases, have been implicated in tauopathy development and neurodegeneration in AD (Nixon et al., 1994; Shea, 1997; Patrick et al., 1999; Rao et al., 2008) , but its role in FTDP models in vivo is not known. Most calpain in cells is latent, and its activity is regulated by local calcium levels, phosphorylation, and reversible association with membranes or calpastatin (CAST; Wang and Yuen, 1997) . Hyperactivation of calpains has been detected early in AD in response to excitotoxicity, A␤ toxicity, and other forms of calcium injury (Bartus, 1997) . Moreover, calpain-active cdk5 and ERK1/2 kinases can phosphorylate tau and induce myriad downstream tau-dependent and -independent pathogenic effects, including impairments of synaptic plasticity and cognition (Medeiros et al., 2012) . Activated calpains are associated with tau aggregates in AD and other tauopathies and are not present on inclusions formed by several other pathogenic proteins (Adamec et al., 2002) , suggesting a particularly important relationship of calpains to tauopathies among various proteinopathies.
Synthetic inhibitors of calpains are neuroprotective in calcium injury (McCollum et al., 2006) and in mouse models of AD (Trinchese et al., 2008; Medeiros et al., 2012) , but they lack specificity. CAST is the only specific endogenous inhibitor of calpains and a suicide inhibitor of calpain (Nagao et al., 1994) , that is depleted in AD brain (Rao et al., 2008) . In this study, we establish, for the first time, the pathogenic role of calpain in a tauopathy model of FTDP-17 (JNPL3 mice) in vivo. Selectively blocking pathological activation of calpain by restoring depleted CAST with transgenic overexpression of CAST in neurons prevented calpain-mediated loss of cytoskeletal proteins, blocked cdk5 activation, and inhibited tau hyperphosphorylation, formation of putative tau oligomers, and insoluble tau. Inhibition of this calpain-mediated cascade increased survival of motor axons, markedly delayed development of motor and behavioral deficits, and normalized lifespan.
Materials and Methods
Animals. JNPL3 transgenic mice (mutant tau P301L under prion promoter; were maintained in a heterozygous state, bred on a C57BL/6J genetic background for Ͼ9 generations, and screened according to the method of . CAST Tg mice (CAST under Thy-1 promoter) were produced in our laboratory (Rao et al., 2008) , maintained as heterozygotes, bred on a C57BL/6J genetic background for Ͼ9 generations, and screened as described by Rao et al. (2008) . Female JNPL3 mice were bred with male CAST mice to produce WT, CAST, JNPL3, and CAST ϫ JNPL3 mice in a 1:1:1:1 ratio, respectively, according to Mendelian genetics. In most of the experiments, both female and male mice were used except in several cases where the gender is specified. All animal protocols used in the study were approved by the Nathan Kline Institute Institutional Animal Care and Use Committee.
Antibodies. Commercial antibodies were obtained from the following sources: polyclonal antibody (pAb) p35 (C-19), monoclonal antibody (mAb) TauC3, and pAb H-300 (Santa Cruz Biotechnology); pAb phosphorylation-independent ERK1/2 and pAb p35 (Cell Signaling Technology); mAb for NF-M (RM044), RMO55, and p-ERK (thr202/ 204; Invitrogen); total tau Ab Tau-5 and mAb ␣-spectrin (Millipore Bioscience Research Reagents); and NF-L (mAb, NR-4) and phospho-NF-H (mAb, SMI-34; Sigma). Additional antibodies prepared in our laboratory include the following: pAb C-24 for calpain II (cal II; Saito et al., 1993) , Cast3.1 (human calpastatin), and MAP-2 (18.1) (Rao et al., 2008) . Monoclonal tau antibodies AT-8 and AT-100 (Thermo Scientific, Thermo Fisher Scientific), PHF-1, and CP27 were generously provided by Dr. Peter Davies (Albert Einstein School of Medicine, New York, NY); mAb RM055 for phospho-NF-M was a generous gift from Dr. Virginia M. Lee (University of Pennsylvania, Philadelphia, PA); and oligomeric tau antibody (T22) was a gift from Dr. Rakez Kayad (University of Texas, Galveston, TX).
Immunocytochemistry. Mice were fixed by transcardiac perfusion with 4% PFA in 0.1 M Na 2 HPO 4 -NaH 2 PO 4, pH 7.5 buffer, delivered with a peristaltic pump at 20 ml/min for 5 min. Brains were removed and postfixed overnight in the same solution. Sagittal vibratome sections (40 m) of fixed mouse tissue were immunostained as previously described (Rao et al., 2008) using the avidin-biotin (ABC) kit (Vector Laboratories) with diaminobenzidine tetrahydrochloride as the chromogen; images were captured with a Carl Zeiss microscope. For immunofluorescence, 40 m sagittal vibratome sections of CAST ϫ JNPL3 mice were stained with Cast3.1 (human calpastatin) and CP27 (human tau), and imaged using a Carl Zeiss confocal microscope.
Analysis of AT8-immunoreactive cells. For quantification of AT8-positive immunoreactive cells, the Allen Mouse Brain Atlas (Lein et al., 2007;  http://mouse.brain-map.org) was used as a guide, and a minimum of 3 serial sections 80 m apart were chosen from each animal, beginning at lateral 2.525 mm and moving toward the midline, and stained for AT8. Images of the entire cortical and pons region were tiled and all immunoreactive cells within the entire region of interest (either cortex or pons) for each section were counted and averaged to give the average number of reactive cells per animal. The areas of the cortex counted included the somatomotor, somatosensory, parietal, and visual. In the pons, the sensory, motor, and behavioral state areas were counted. Neuron size in both cortex and pons for JNPL3 and CAST ϫ JNPL3 was measured with the nucleator method (Gundersen, 1988) . The average radius for each cell was determined by measuring the length of 3 isotropic random lines from a point in the nucleolus to the cell periphery (Smiley et al., 2011) . The radii for cells in each group were averaged.
Preparation of total tissue extracts. Mouse hemi-brains or cortices were homogenized in a buffer containing 0.25 M sucrose, 20 mM Tris-HCl, pH 7.4, and 1 mM, each, of EDTA, EGTA, and DTT (Schmidt et al., 2005) . For spectrin, MAP2 (microtubule-associated protein 2), and neurofilament immunoblots, mouse tissues were homogenized in a buffer containing the following (in mM): 50 Tris-HCl, pH 8.0, 150 NaCl, 50 EDTA, 1% Triton X-100, 1 ␤-glycerophosphate, 1 NaF, 0.2 NaVaO 4 , and 0.1 mM PMSF, and sonicated. Protein content was measured by the BCA method.
Preparation of Sarkosyl-insoluble and -soluble fractions. Samples were prepared according to the method of Matsuoka et al. (2008) . Briefly, mouse hemi-brains (n ϭ 3-4 for each genotype) were homogenized in a 5ϫ volume of RIPA buffer (50 nM Tris-HCl, pH 7.4, 1% NP-40, 150 mM NaCl, 1 mM EDTA, 0.25% sodium deoxycholate, protease, and phosphatase inhibitors) before centrifugation at 14,000 rpm for 30 min. The supernatant was treated with 1% (final concentration) Sarkosyl for 30 min at room temperature before ultracentrifugation (100,000 ϫ g for 1 h). The supernatant contained the Sarkosyl-soluble fraction and the pellet contained the insoluble fraction. The pellet was homogenized in RIPA buffer containing 10% glycerol, 5% 2-mercaptoethanol, and 2.3% SDS. Equal volumes of pellet and supernatants were immunoblotted with the respective antibodies.
SDS-PAGE and Western blotting. Protein extracts were subjected to SDS-PAGE and transferred to nitrocellulose membranes (Rao et al., 2008) . Membranes were Ponceau S stained to confirm equal loading in each lane and immunoblotted with the antibodies indicated above as described previously (Rao et al., 2008) . The immunoreactive bands were visualized with ECL reagent (GE Healthcare) and the bands were quantified using MultiGauge software (Fujifilm).
Morphometric analysis. CAST ϫ JNPL3, JNPL3, and their littermates of 23 months were perfused transcardially with 4% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2, and postfixed overnight in the same buffer. Lumbar region 5 (L5) roots of the spinal cord were dissected and fixed again in the same fixative overnight. L5s were treated with 2% osmium tetroxide, washed, dehydrated, and embedded in Epon-Araldite resin. Semithin sections of L5s (0.75 m) for light microscopy were stained with toluidine blue, images were captured, and the diameters of all the axons in each ventral root from each genotype (n ϭ 3-4) were measured using Bioquant Software as described previously (Rao et al., 2003) .
Disease onset, progression, and survival measurements. Disease onset symptom measurements were performed as described by . Briefly, each week, animals Ͼ7 months of age were held by their tail and examined for deviation from the normal symmetrical splaying of the hind limbs. Hind limb dysfunction evidenced by folding one or both of their legs or clasping them together was considered "disease onset." The interval from the time of birth to the disease onset was considered time of disease onset. The interval from the time of disease onset to the death of the animal was considered "disease duration." The interval from the birth to death of the animal was considered "survival" time period.
Y-maze tests. Hippocampus-dependent spatial working memory was tested by spontaneous alternation performance of JNPL3 mice in a symmetrical Y-maze, as described previously (Ohno et al., 2007) . Briefly, each mouse was placed in the center of the Y-maze and was allowed to explore freely through the maze during an 8 min session. The sequence and total number of arms entered by the mouse were recorded. Entry into the arm was considered to be complete when the hindpaws of the mouse had been completely placed within the arm. Percentage alternation is the number of triads containing entries into all three arms divided by the maximum number of possible alternations (the total number of arms entered minus 2) ϫ 100.
Ambulatory locomotor activity. Activity of the animals was measured according to the method of Reith et al. (2012) . Briefly, animals were housed singly in their individual mouse cages, which were placed in an Auto-Track Activity Meter (Opto-Varimex Auto-Track System, version 4.10, Columbus Instruments) that had 15 infrared beams on each axis in a 17 inch square. Our Auto-Track has a modular interface to Windowscompatible computers that provides complete automation of data collection from 8 Columbus Instruments Opto-Varimex-3 photocell activity monitors. It enhances the capabilities of the Opto-Varimex-3 by using subject position information to provide pattern of movement tracings and distance traveled computations. Locomotor activity can be calculated based on total number of beams broken (total ambulatory counts, TACs), where single beams broken repeatedly are not counted, or distance traveled. Activity counts were collected from 4:00 P.M. to 8:00 A.M. the next morning. The light cycle was 12 h on/off starting at 6:00 pm. Data are shown in 1 h segments.
Nesting behavior. Construction of proper nests with paper towels by mice (nesting behavior) was done as described previously (Wesson and Wilson, 2011) . Mice were individually housed in a clean plastic cage with 8 pieces of paper towels overnight. Paper towel nest construction was scored next morning by a 4-point system: (1) no biting/tearing with random dispersion of the paper towels, (2) no biting/tearing of paper with gathering in a corner/side of the cage, (3) moderate biting/tearing of paper with gathering in a corner/side of the cage, and (4) extensive biting/ tearing of paper with gathering in a corner/side of the cage.
Statistical analysis. Both one-way ANOVA, followed by NeumanKeuls multiple-comparisons test, and Student's t test analyses were used to assess significance of differences between samples, with p Ͻ 0.05 being significant.
Results

Calpain hyperactivation in JNPL3 mice depletes calpastatin and induces cytoskeletal protein breakdown
Using an antibody (C-24) against the active site of cal II that recognizes the activated form of the protease (Grynspan et al., 1997), we observed substantially increased immunolabeling of neurons at later stages of disease in the cerebral cortex from JNPL3 mice when compared with age-matched WT mice (Fig. 1A; Rao et al., 2008) . Activated cal II IR was strongest below the perikaryal plasma membrane but was also abundant in neuronal processes (Fig. 1A) . Western blot analysis of brain extracts using the CAST antibody H-300 revealed significantly decreased levels of CAST in brains of JNPL3 mice ( Fig. 1 B, C, n ϭ 7-9; p Ͻ 0.05, Student's t test), comparable to that previously seen in AD brain (Rao et al., 2008) .
Consistent with an abnormally high calpain activation, MAP2, an established calpain substrate (Rao et al., 2008) , was partially depleted in JNPL3 mice ( Fig. 1 D, P, p Ͻ 0.05, Student's t test), and levels of the specific calpain-cleaved 150 kDa spectrin breakdown product Rao et al., 2008; Liang et al., 2010; Higuchi et al., 2012) were also significantly increased ( Fig. 1 E, P, p Ͻ 0.05, Student's t test). Given that these proteins are substrates for both calpains I and II, it is likely that calpain I, which is activated by lower calcium concentrations than is calpain II, also contributes to the cleavage. No method, however, is currently available to specifically detect activated mouse calpain I. Activated calpain is known to cleave the p35 subunit of cdk5 to a p25 form, which generates a constitutively active cdk5 enzyme that abnormally hyperphosphorylates tau and promotes neurodegeneration . JNPL3 mice exhibited significantly elevated levels of p25 in brain by immunoblot analysis (Fig. 1 F Fig. 1P , p Ͻ 0.05, Student's t test), and the ratio of PHF1 to total tau in JNPL3 mice (Fig. 1Q , p Ͻ 0.05, Student's t test). Using immunocytochemistry with AT8 antibody in mice at later stages of disease, we detected hyperphosphorylated forms of tau within dendrites, cell bodies, and axonal processes of cortical pyramidal neurons (Fig. 1L ) in JNPL3 mice but not in WT mice, and levels of these tau phosphovariants in cerebral cortex were significantly elevated ( Fig. 1 M, P , p Ͻ 0.05, Student's t test). Caspase-cleaved tau, TauC3 (Gamblin et al., 2003) , was significantly elevated as shown in immunoblot analyses ( Fig. 1 N, P , p Ͻ 0.05, Student's t test) and was present in abnormal abundance in cell bodies and processes of cortical neurons of late-stage diseased JNPL3 mice by immunocytochemical analysis (Fig. 1O, arrowheads) . This indicates that caspase-3, which is downstream of calpain activation in AD brain (Rao et al., 2008) , is active in JNPL3 mice.
CAST overexpression inhibits abnormal tau proteolysis by calpain and caspase 3 and formation of tau oligomers in JNPL3 mice
Calpains cleave tau into multiple fragments of 10 -50 kDa in size (Mercken et al., 1995; Park and Ferreira, 2005; Ferreira and Bigio, 2011; Garg et al., 2011; Reinecke et al., 2011) , some of which may have neurotoxic properties (Park and Ferreira, 2005; Ferreira and Bigio, 2011; Garg et al., 2011; Reinecke et al., 2011) . In normal mouse brain, Tau-5, an antibody that recognizes total tau, detected 64, 50, and 45-25 kDa tau species (Fig. 2B , lanes 1, 5; see arrows). CAST overexpression in mice led to reduced levels of the 45-25 kDa species (Fig. 2B, lanes 2, 6) , indicating that these tau species are normally generated by calpains in vivo. These same fragments, however, were abnormally abundant in JNPL3 mouse brains (Fig. 2B, lanes 3, 7) , and their levels were significantly lowered in CAST ϫ JNPL3 mice (Fig. 2B, lanes 4, 8, G ; p Ͻ 0.05, one-way ANOVA). We observed similar results with PHF1 antibody: a 40 kDa tau band in WT mouse brains declined after CAST overexpression (Fig. 2C, lanes 2, 6) , and elevated levels of the same tau species and PHF1-immunoreactive bands at 37, 35, and 28 kDa in JNPL3 brains (Fig. 2C, lanes 3, 7) were reduced in CAST ϫ JNPL3 mouse brains (Fig. 2C, lanes 4, 8, H ; p Ͻ 0.05, one-way ANOVA). Moreover, caspase-3 activation evidenced in JNPL3 mice by increased TauC3 levels (Fig. 2 D, J , p Ͻ 0.05, oneway ANOVA) and its ratio to total tau on immunoblots (Fig. 2K , p Ͻ 0.05, one-way ANOVA; L, p Ͻ 0.05, Student's t test) were also significantly reduced in CAST ϫ JNPL3 mice (Fig. 2 D 
SDS-stable, high-molecular-weight tau oligomers are believed to be more toxic to neurons than PHFs (Lasagna-Reeves et al., 2011a; Henkins et al., 2012; Ward et al., 2012) . Multiple antibodies, including Tau-5, T22, AT8, tau oligomer complex 1 (TOC1), and tau oligomer-specific monoclonal antibodies (TOMAs), have been used to detect tau species in the range of 100 -170 kDa, which have been termed tau multimers, oligomers, or highmolecular-weight tau-immunoreactive bands by different investigators (Berger et al., 2007; , 2011b ; Sahara et al., 2013; Castillo-Carranza et al., 2014a,b; Ward et al., 2014). Using Tau-5, AT8, and PHF1 antibodies, we observed putative tau oligomer bands in the range of 100 -300 kDa . Calpain substrates CAST (B, C, n ϭ 7-9, p Ͻ 0.05) and MAP2 (D, P, p Ͻ 0.05) are reduced, 150 kDa spectrin breakdown product (150 kDa Spectrin BDP; E, P, p Ͻ 0.05), and conversion of cdk5 subunit p35 to p25 are increased (F, P, p Ͻ 0.05), whereas activated pErk (H ) and total Erk (G) is unaffected in JNPL3 mouse brains. Human tau is present only in JNPL3 mouse brains (I ); total tau levels are increased (Tau-5; J, P, p Ͻ 0.05). Tau hyperphosphorylation is evidenced by robust AT8-positive neurons compared with WT mice (see arrowheads in L), increased PHF1 (K, P, p Ͻ 0.05), and the ratio of PHF1 to total tau (Q, p Ͻ 0.05) and AT8 (M, P, p Ͻ 0.05) epitopes on immunoblots in JNPL3 mice. Increased TauC3 (N, P, p Ͻ 0.05; O) and oligomeric tau (see arrowheads in J, K; see P for quantification of Tau-5 and PHF1 oligomers, p Ͻ 0.05) are also observed in JNPL3 mouse brains. Late-stage diseased JNPL3 mice (35 months, n ϭ 4 unless otherwise indicated) along with age-matched WT mice were used in A-O. Scale bar, 50 m. Oligo. Tau, Oligomeric Tau; Tau-5 oligos, Tau-5 oligomers; PHF1 oligos, PHF1 oligomers. All the quantification data in C, P, and Q are from 17-month-old animals. Error bars indicate SEM, *p Ͻ 0.05, C, P, and Q measured by Student's t test.
with Tau-5 antibody in JNPL3 brain ( Fig. 2L ; see arrows for position of Tau oligomers in lanes 3, 7), which were significantly reduced in intensity in CAST ϫ JNPL3 mice (Fig. 2L, see lanes 4 , 8, M; p Ͻ 0.05, one-way ANOVA). We obtained similar results with AT8 (Fig. 2 L, N , p Ͻ 0.05, one-way ANOVA) and PHF1 antibodies (Fig. 2 L, O , p Ͻ 0.05, one-way ANOVA; see position of arrows for Tau oligomers in AT8 and PHF1 panels) on JNPL3 mice and CAST ϫ JNPL3 mice. The recognition of groups of high-molecular-weight protein bands by multiple phospho-tau antibodies selectively in JNPL3 mice and their marked reduction in all cases by CAST overexpression makes it unlikely that they are cross-reactive non-tau proteins. To further establish these high-molecular-weight tau-immunoreactive bands as tau oligomers, we used T22, an antibody directed against tau oligomers , which revealed increased labeling of bands in the 100 -170 kDa region in JNPL3 mice (Fig. 2L) . Immunostaining of the same bands was significantly reduced in CAST ϫ JNPL3 mice (Fig. 2 L, P , p Ͻ 0.05, one-way ANOVA). The immunoblot pattern with T22 is similar to that of other tau antibodies (Fig. 2L) .
CAST prevents breakdown of cytoskeletal proteins in JNPL3 mice
Calpain overactivation causes breakdown of many cytoskeletal proteins, leading to neurodegeneration Rao et al., 2008) . We further investigated the neuroprotective effects of CAST overexpression using immunoblot analysis with antibodies to cytoskeletal protein substrates of calpain. CAST overexpression in JNPL3 mice restored full-length spectrin (Fig.  3 A, B ,D, p Ͻ 0.05, one-way ANOVA) and lowered calpaincleaved 150 kDa spectrin fragment levels to near WT levels ( Fig.  3 A, C,D (Fig. 3 A, F , p Ͻ 0.05, one-way ANOVA), low-molecular-weight subunit NF-L (Fig. 3 A, G , p Ͻ 0.05, one-way ANOVA), phospho-NF-M (Fig. 3 A, H , p Ͻ 0.05, one-way ANOVA), total NF-M (Fig.  3 A, I , p Ͻ 0.05, one-way ANOVA), phospho-NF-H (Fig. 3A , J, p Ͻ 0.05, one-way ANOVA), and total-NF-H (Fig. 3 A, K , p Ͻ 0.05, Student's t test) were also restored to WT mice or near WT levels by overexpressing CAST in mice.
CAST inhibits pathological cdk5 activation, tau hyperphosphorylation, and tau aggregation in JNPL3 mice Calpain-mediated activation of cdk5 by cleavage of p35 to p25 Su et al., 2012) promotes neurodegeneration in AD and amyotrophic lateral sclerosis in part by hyperphosphorylating tau and neurofilament proteins (Nguyen and Julien, 2003; Shukla et al., 2012) . Quantitative immunoblot analyses (Fig. 4) demonstrated that overexpression of CAST in mice inhibited p35 conversion to p25 (Fig. 4A-D) , which significantly reduced the baseline p25/p35 ratio in normal mice (Fig. 4D , p Ͻ 0.05, one-way ANOVA) and reversed the fourfold higher than normal p25/p35 ratio in JNPL3 mice (Fig. 4C,D , p Ͻ 0.05, oneway ANOVA).
Neurofibrillary tangle (NFT) formation is closely associated with pathological symptoms in tauopathy models , and these NFTs were well recognized by multiple antibodies such as AT8, AT100, and PHF1 (Lewis et al., 2000; Augustinack et al., 2002). We observed elevated levels of AT8, AT100, and PHF1 epitopes in JNPL3 mice by immunoblot analyses of brain extracts as previously reported (Lewis et al., 2000; Fig. 4A, AT8,   Figure 2 . CAST inhibits generation of neurotoxic tau fragments and tau oligomerization in JNPL3 mice. Total extracts (A, Ponceau S stain) from cortices of 18-month-old WT (lanes 1, 5), CAST (lanes 2, 6), JNPL3 (lanes 3, 7), and CAST ϫ JNPL3 (lanes 4, 8) mice (n ϭ 4 each genotype) were immunoblotted with Tau-5 (B, E, lower exposure; I ) and PHF1 (C, H ) antibodies. Representative groupings of the four genotypes from separate sets of mice (#1, #2) are shown. Both tau antibodies detected 50 kDa tau. Tau fragments ranging from 42 to 25 kDa are detected from WT mouse extracts and generation of most of these species is inhibited by CAST overexpression (see the arrows for tau fragments in WT lanes 1 and 5, and for missing bands in CAST samples in lanes 2 and 6). A marked increase of these proteolytic fragments in JNPL3 mouse extracts (B, C, compare lanes 3, 7 with 1, 5; G-H ) is inhibited in CAST ϫ JNPL3 mice (B, C, compare lanes 3, 7 with 4, 8; G-H ). TauC3 formation (D, I ) and ratio of TauC3/Total tau in JNPL3 mice is inhibited by CAST overexpression (D, J, K ). Error bars represent SEM and *p Ͻ 0.05 is significant: K, Student's t test; G-H, I, J, one-way ANOVA. L-P, Tau oligomer formation is inhibited by CAST overexpression in JNPL3 mice. Total extracts from female WT, CAST, JNPL3, and CAST ϫ JNPL3 cortices of 17 months were immunoblotted with total tau (Tau-5), tau hyperphosphorylationspecific AT8 and PHF1 antibodies, or oligomeric tau-specific antibody (T22). Blots were overexposed to reveal high-molecular-weight SDS-resistant tau oligomers in the range of 100 -300 kDa (see the arrows for tau oligomers in L). Our quantitative data indicate that CAST overexpression in JNPL3 mice significantly reduced Tau AT100, and PHF1 panels, lanes 3, 7). The elevated levels of phospho-epitopes were inhibited by CAST overexpression in CAST ϫ JNPL3 mice (Fig. 4A, AT8 , AT100, and PHF1 panels, lanes 4, 8, E; p Ͻ 0.05, one-way ANOVA). Additionally, we observed a reduction of hyperphosphorylation and NFT-specific (Augustinack et al., 2002; Rao et al., 2008 ) AT8-positive immunoreactive cells in multiple brain regions (Fig. 4K ) of CAST ϫ JNPL3 mice compared with JNPL3 mice, and quantification of the average number of AT8-positive immunoreactive neurons revealed a Ͼ50% reduction in both cerebral cortex (Fig. 4 F, G , p Ͻ 0.05, Student's t test) and pons of brainstem (Fig. 4 H, I , p Ͻ 0.05, Student's t test) in CAST ϫ JNPL3 mice compared with JNPL3 mice, with no reduction in average neuronal size observed (for quantification, see Fig. 4 L, M ) . Human tau and CAST were colocalized in the same cells (Fig. 4N ) .
A Sarkosyl-insoluble 64 kDa pathological tau form accumulates with age in the brains of JNPL3 mice in temporal association with the development of robust tau hyperphosphorylation and NFT formation (Lewis et al., 2000; Berger et al., 2007). Using Tau-5 antibody, we confirmed by qualitative immunoblot analysis in JNPL3 mice a similar increase in Sarkosyl-insoluble tau (Fig. 4J , lane 3 in Tau-5, PHF1, AT-8, and AT-100 panels), compared with WT and CAST mouse brains (Fig. 4J, lanes 1, 5) , and further observed that levels of this tau species were reduced in CAST ϫ JNPL3 brains (Fig. 4J , lane 4 in Tau-5, PHF1, AT-8, and AT-100 panels; see arrows for 64 kDa tau species).
CAST delays disease onset and restores normal lifespan while improving motor axon survival and function in JNPL3 mice JNPL3 mice from C57BL/DBA2/SW genetic background bred to C57BL/6J for more than nine generations in heterozygous condition did not exhibit sex differences in total survival times (Fig. 5A ), disease onset (Fig. 5B) , and disease duration (Fig. 5C ). JNPL3 mice exhibited shortened lifespan, living an average of 807 d (Fig. 5D , n ϭ 34) compared with WT (n ϭ 24) and CAST mice (n ϭ 28; p Ͻ 0.05), which lived an average of 900 and 881 d, respectively. CAST overexpression extended the lifespan of JNPL3 mice by ϳ3 months to an average of 889 d ( 5D, n ϭ 25, p Ͻ 0.05, one-way ANOVA), essentially restoring a normal lifespan (also see Kaplan-Meier plots, Fig. 5J ; the plots for WT and CAST were almost identical; data not shown). JNPL3 mice (n ϭ 49) developed hindlimb paralysis, on average, after 681 d (22.7 months, Fig. 5E ). By contrast, CAST ϫ JNPL3 mice (n ϭ 33) showed disease onset ϳ3 months later (Fig. 5E , p Ͻ 0.05, Student's t test), at 773 d or 25.8 months. The duration of disease was similar to that of JNPL3 (Fig. 5F , p ϭ 0.19), suggesting that pathological calpain activation was most critical for the initiation of disease. This observation is consistent with the mutant-SOD1-mediated motor neuron disease where deletion of mutant protein from neurons delayed the disease onset (Boillée et al., 2006) . Although disease duration in JPNL3 and CAST ϫ JNPL3 mice was similar, the severity of symptoms was significantly attenuated in the CAST ϫ JNPL3 mice based on ambulatory activity. JNPL3 mice at 21-33 months of age exhibited significantly less ambulatory activity compared with WT and CAST mice (Fig. 5G) , as measured using an automated Auto-Track Activity Meter (OptoVarimex Auto-Track System, version 4.10, Columbus Instruments). TAC was restored to WT scores in CAST ϫ JNPL mice (Fig. 5G , p Ͻ 0.05, Student's t test). No quantitative differences in motor activity were observed in any of the 4 genotypes at 16 -20 (Fig. 5H, n ϭ 8 -10 ) or 9 -15 (Fig. 5I, n ϭ 8 -14 ) months of age.
We next performed EM (Fig. 5K ) morphometric analyses of L5 ventral roots of the mice at 23 months, an age when we detect motor deficits in JNPL3 mice. These analyses showed that, although there was no significant difference in total number (Fig.  5L ) of large-diameter axons (Ͼ8 m, Fig. 5M ) in JNPL3 mice at this age, the number of small-diameter axons (Ͻ8 m) was decreased ϳ45% (Fig. 5N , p Ͻ 0.05, one-way ANOVA) compared with the number in WT mice (Fig. 5 N, O) . The loss of smallcaliber axons (Ͻ8 m) by this age was completely prevented by CAST overexpression in JNPL3 mice (Fig. 5N, p , 7) , and CAST ϫ JNPL3 (lanes 4, 8) cortical extracts (n ϭ 4) were immunoblotted with cdk5 activator protein p35 (C-19), human tau (CP27), CAST (H-300), tau hyperphosphorylation-specific (AT-100, AT8, PHF1), and total tau (Tau-5) antibodies. A-D, CAST inhibits conversion of p35 to p25, and hyperphosphorylation of tau (AT-8, A, E) . B-E: 1, WT; 2, CAST; 3, JNPL3; 4, CAST ϫ JNPL3. Representative groupings of the four genotypes from separate sets of mice (#1, #2) are shown. E, Overexpression of CAST decreased the number of AT8-positive neurons in JNPL3 mice. Our data indicate that the number of AT8-positive immunoreactive neurons (G, indicated by arrows) is significantly reduced in CAST ϫ JNPL3 mouse cortices compared with JNPL3 mouse cortices [F, p Ͻ 0.05; G (G, 1, JNPL3 (n ϭ 13); 2, CAST ϫ JNPL3 (n ϭ 16)] and pons [H, p Ͻ 0.05; I (I, 1, JNPL3; 2, CAST ϫ JNPL3 (n ϭ 9 for each genotype)] of 18-month-old animals (male and female mice). F, H, 1, JNPL3; 2, CAST ϫ JNPL3. Scale bar, 20 m. J, CAST inhibits formation of Sarkosyl-insoluble tau in JNPL3 mice. Hemi-brains of female mice were fractionated in Sarkosyl-containing buffer, then insoluble and soluble fractions (equal volumes) were immunoblotted with Tau-5, PHF1, AT-8, and AT-100 antibodies. Sarkosylinsoluble 64 kDa pathological tau is increased in JNPL3 fractions, whereas this increase is inhibited in CAST ϫ JNPL3 mice (see arrows in J ). Lanes 1, 5, WT; 2, 6, CAST; 3, 7, JNPL3; 4, 8, CAST ϫ JNPL3 fractions (lanes 1-4, insoluble; lanes 5-8, soluble fractions, n ϭ 3-4 for each genotype). Error bars represent SEM. *p Յ 0.05 is significant: B, F, H, Student's t test; C-E, one-way ANOVA. K, AT8 staining of nucleus accumbens, zona incerta, and inferior colliculus from WT, CAST, JNPL3, and CAST ϫ JNPL3 mice (18-month-old male and female mice, n ϭ 9 for each genotype) presented at 100ϫ magnification. Expression of CAST in JNPL3 mice appears to reduce AT8 staining in all regions. Scale bar, 20 m. Measurement of neuronal cell sizes in cortex (L) and pons of brainstem (M ) reveal no significant differences in neuronal cell size between JNPL3 and CAST ϫ JNPL3 mice (1, JNPL3; 2, CAST ϫ JNPL3). N, Double immunofluorescence staining of cortices from 18-month-old CAST ϫ JNPL3 mice for human CAST and human tau. Vibratome-sectioned cortices of CAST ϫ JNPL3 mice (n ϭ 8) were double-immunolabeled with CAST 3.1 (human CAST) and CP27 (human tau) antibodies (arrows indicate positive double-labeled neurons). For graph B-E: 1, WT; 2, CAST; 3, JNPL3; 4, CAST ϫ JNPL3. Figure 5 . CAST delays disease onset, prolongs lifespan, inhibits motor neuron degeneration, and improves behavioral deficits in JNPL3 mice. A-C, JNPL3 mice do not exhibit sex (n ϭ 37 males and 27 females) differences in total survival (A), disease onset (B), and progression (C) after 9 generations of breeding into C57BL/6J background. M&F, Males and females pooled data; F, data from female mice; M, data from male mice. CAST ϫ JNPL3 mice survive significantly longer than JNPL3 mice (D; 1, WT; 2, CAST; 3, JNPL3; 4, CAST ϫ JNPL3), and CAST delays disease onset in JNPL3 mice (E; 1, JNPL3; 2, CAST ϫ JNPL3) but has no effect on disease duration (F; 1, JNPL3; 2, CAST ϫ JNPL3). CAST overexpression improves significantly TACs in JNPL3 mice, which develop motor abnormalities by 21-33 months (G), and this expression has no effect in mice younger than 21 months, which have no measurable motor deficits (H, n ϭ 8 -10: I, n ϭ 8 -14). J, Kaplan-Meier plots indicate CAST significantly extends the survival of JNPL3 mice (data pooled from M&F mice; JNPL3 vs CAST ϫ JNPL3, p Ͻ 0.05; WT vs JNPL3, p Ͻ 0.05), WT (n ϭ 23), JNPL3 (n ϭ 36), and CAST ϫ JNPL3 (n ϭ 29) mice. K, Motor axon profiles (L5) from 23-month-old WT, JNPL3, and CAST ϫ JNPL3 mice. Scale bar, 10 m. Morphometry and quantification of all the axons in L5 ventral roots of age-matched mice (23 months; n ϭ 3-4 for each genotype) indicate that the numbers of total axons (L) or large-caliber axons (Ͼ8 m, M ) were not affected; however, small-caliber axons (Ͻ8 m, N ) were significantly lowered in JNPL3 ( p Ͻ 0.05) mice but were normal in number in CAST ϫ JNPL3 (N ). L-N, lane 1, WT; lane 2, JNPL3; lane 3, CAST ϫ JNPL3. Caliber distribution of axons from WT, JNPL3, and CAST ϫ JNPL3 mice indicates depletion of small-caliber axons in JNPL3 mice, and this decrease is inhibited in CAST ϫ JNPL3 mice (O). Hippocampus-dependent working memory analyzed using spontaneous alternation in a Y-maze task (P; lane 1, WT; lane 2, JNPL3; n ϭ 21 for each genotype) revealed no deficits in JNPL3 mice ranging in age from 7 to 31 months (n ϭ 21 for each genotype). CAST corrects nesting deficits in aged JNPL3 mice. WT, CAST, JNPL3, and CAST ϫ JNPL3 were examined for nest formation at 30 months (Q, n ϭ 11-13; see dependent working memory deficits when performing spontaneous alternation in Y-maze tests (7-31 months, p ϭ 0.72; Fig. 5P ) at any age group tested (n ϭ 21 for each genotype). We did, however, detect more subtle cognitive deficits in JNPL3 mice when they performed nest construction, a complex goal-oriented task that requires the proper functioning of multiple brain regions (Wesson and Wilson, 2011) . JNPL3 mice displayed significant and more prominent agingrelated deficits in this task at 30 months of age (Fig. 5Q , p Ͻ 0.05, one-way ANOVA) compared with CAST ϫ JNPL3 mice. This deficit, which was undetectable at 6 months (data not shown), became significant at 17 months in JNPL3 mice but not in CAST ϫ JNPL3 (Fig. 5R , p Ͻ 0.05, Student's t test).
Discussion
This is the first report of extensive disease prevention and restoration of lifespan in a tauopathy mouse model. In addition to delaying disease onset by 3 months, the severity of dysfunction after onset was substantially attenuated. Factors considered potentially critical to pathogenesis in tauopathy include abnormally hyperphosphorylated and truncated forms of tau that may exist in various abnormal states of aggregation, including oligomers and insoluble filamentous structures (McMillan et al., 2011; García-Sierra et al., 2012; . Our evidence demonstrating calpain's key role in initiating cascades that generate these diverse pathological forms of tau positions calpain activation as a central and proximal molecular event in the development of tauopathy and neurodegeneration caused by the P301L mutation of tau. Increased activation of cdk5 in the JNPL3 mouse model is previously unreported. We find that calpains act both directly, by cleaving tau and other cytoskeletal proteins, and indirectly, by activating cdk5 and caspases that generate additional hyperphosphorylated and truncated tau species, tau oligomers, and insoluble tau forms that are potentially neurotoxic. These calpainmediated neurodegenerative events, which are accelerated by the depletion of the CAST in JNPL3 mice, are similar to those observed in AD brain (Fig. 6) . Their relevance to disease pathogenesis in tauopathy is established by our evidence showing that the reversal of CAST depletion in JNPL3 mice markedly attenuates tauopathy, blocks motor axon loss and functional deficits, and restores essentially normal lifespan.
Tau hyperphosphorylation is strongly implicated in the pathogenesis of tauopathies, in part through the actions of cdk5 (Patrick et al., 1999) , which is activated by calpain-mediated cleavage of the activator subunit p35 to form p25 (Hashiguchi et al., 2002; Sato et al., 2011) . Consistent with this mechanism, we found that CAST overexpression inhibits the strikingly abnormal level of p25 generation in JNPL3 mice and blocks both tau hyperphosphorylation and the formation of Sarkosyl-insoluble tau aggregates believed to be promoted by abnormal phosphorylation (Sahara et al., 2002) . In addition to its action on tau, cdk5 overactivation by calpain may initiate additional pathological signaling cascades, leading to neurodegeneration (Lopes and Agostinho, 2011; Cheung and Ip, 2012) . Tau hyperphosphorylation, however, is likely to be multifactorial, and links to cdk5 (p25) have not been consistently seen in all models (Ahlijanian et al., 2000; Takashima et al., 2001) . In some pathological states, including AD, calpains activate ERK1/2 more robustly than cdk5, which is known to promote hyperphosphorylation of neurofilaments and tau (Veeranna et al., 2004; Rao et al., 2008) . Although we did not observe alterations in either ERK1/2 or GSK3 kinase activity at the tissue level, we cannot eliminate the role of these or other kinases (PKA, PKC) or phosphatases (PP2A) in tau phosphorylation, particularly since calpains can modulate many of these enzymes.
Tau proteolysis under basal and pathological conditions likely involves multiple proteolytic systems, although there is no consensus on the relative importance of these systems in promoting tauopathy by either generating or eliminating toxic forms of tau. In pathological states, the ubiquitin-proteasome system, autophagy, caspases, and calpains have all been proposed as mechanisms capable of generating tau species that might exert direct neurotoxicity (Johnson, 2006; Ihara et al., 2012; or seed oligomers and other aggregated species (Wang et al., 2007; Khurana et al., 2010; . Our evidence, while not excluding roles for other proteolytic systems in tauopathy, underscores the special pathogenic importance of calpains, given that highly specific calpain inhibition blocks generation of the entire spectrum of pathological tau species while conferring dramatic neuroprotection at the cellular and behavioral levels in JNPL3 mice. We did not detect calpain-generated 17 kDa (Park and Ferreira, 2005; Reinecke et al., 2011) or 10 kDa (Garg et al., 2011) tau fragments that have been detected in AD brain (Ferreira and Bigio, 2011) , although it is possible that the turnover of these fragments in mouse brain is rapid. Figure 6 . CAST inhibits calpain-and cdk5-mediated neurotoxic mechanisms. The model of tauopathy illustrated in this schematic reflects reported alterations of calcium homeostasis by mutant tau (Furukawa et al., 2000 (Furukawa et al., , 2003 ; LaFerla, 2002) and emphasizes a critical role for CAST depletion in accelerating calpain activation leading to robust p25 generation/cdk5 activation, tau and cytoskeleton hyperphosphorylation (spectrin, neurofilament, and MAP2), oligomer formation of tau, and cytoskeleton proteolysis leading to neurodegeneration. Calpain also indirectly activates caspase-3 to induce TauC3 formation in tauopathy in this study and in AD (Rao et al., 2008) . Other insults (A␤, excitotoxicity, ischemia, and traumatic brain injury) associated with calcium dysregulation also activate calpain and potentially induce a related cascade of degenerative events.
Beyond having direct proteolytic actions on tau and structural proteins, overactivated calpain in the JNPL3 model led to caspase-3 activation and increased levels of caspase-cleaved forms of tau that are putative neurotoxic species found in AD brain (de Calignon et al., 2010; Dolan and Johnson, 2010) . Calpains are known to activate multiple caspases (Nakagawa and Yuan, 2000; Gamblin et al., 2003; Horowitz et al., 2004; Sun et al., 2008) and certain ones (e.g., caspases 1, 3) can inactivate and degrade CAST, thereby promoting further calpain activation (Rao et al., 2008) . Because calpains can inhibit autophagy by cleaving atg5 (Yousefi et al., 2006) , calpain inhibition might confer additional neuroprotection in tauopathy by preserving the efficiency of autophagy, known to degrade putative neurotoxic tau forms generated by caspases (Dolan and Johnson, 2010) .
Independently of its pathogenic actions on tau and their downstream effects, calpain activates additional pathways promoting neurodegeneration. Calpain overactivation can initiate and/or execute neuronal cell death along caspase-dependent and -independent pathways (Mandic et al., 2002; Yousefi et al., 2006; Smith and Schnellmann, 2012; Villalpando Rodriguez and Torriglia, 2013; Yamashima, 2013) . Considerable evidence points to the essential role of calpain hyperactivation in driving neurodegeneration in other pathological states not involving tau as a major initiating factor (Bartus et al., 1995; Bartus, 1997; Fig. 6 ). Several groups have developed mouse lines in which CAST is overexpressed in brain or multiple tissues by transgenesis or adenovirus vectors and have reported attenuation of neurodegenerative changes in models of excitotoxicity , traumatic brain injury model (Schoch et al., 2012 (Schoch et al., , 2013 , and Machado-Joseph disease (Simões et al., 2012) , although the effects of these constructs have not previously been investigated in tauopathy.
Many different strategies have been examined to ameliorate tau pathology, motor function, cognition, and synaptic dysfunction in tau transgenic mice, and these include tau aggregation inhibitors (Wang et al., 2010; Sievers et al., 2011; Congdon et al., 2012; Hosokawa et al., 2012) , tau phosphorylation inhibitors (Le Corre et al., 2006; Kickstein et al., 2010; Yuzwa et al., 2012) , reduction in tau levels Evans et al., 2011) , active or passive tau immunization (Theunis et al., 2013; Sigurdsson, 2014) , treatment with a tau antibody (Yanamandra et al., 2013) , TOMAs (Castillo-Carranza et al., 2014a,b) , TOC1 (Ward et al., 2014) , anti-inflammatory agents (Yoshiyama et al., 2007; Nash et al., 2013) , microtubule stabilizing agents (Zhang et al., 2012) , and cell replacement strategies (Spillantini and Goedert, 2013) . Some of these studies used either the homozygous mutant tau mice (Congdon et al., 2012) or mice expressing a different tau mutation (Yoshiyama et al., 2007; Kickstein et al., 2010; Wang et al., 2010; Congdon et al., 2012; Zhang et al., 2012; Nash et al., 2013; Sigurdsson, 2014) , or the studies were performed in cells alone Evans et al., 2011; Sievers et al., 2011) . A 10 -15% reduction in overall lifespan is actually in line with what is seen in many late-age-onset degenerative diseases, and we believe that the JNPL3 mice in a heterozygous condition may be a more accurate model for testing therapies than more aggressive models that have onset in midlife of the mouse or, frequently, even earlier onset. In previous studies in which a similar JNPL3 line (Le Corre et al., 2006; Hosokawa et al., 2012; Yuzwa et al., 2012) was used, only moderate relief to tau pathology was observed, and in none of these studies was decreased tau phosphorylation and tau oligomerization combined with increased lifespan and delayed disease onset observed. Compared with previous studies, ours achieved the most significant delay in disease onset and extension of lifespan. The combination of these observations and the extensive amelioration of pathology through human CAST overexpression underscores the therapeutic potential of specific calpain inhibitors in tauopathies.
CAST overexpression appears to attenuate pathological calpain activation without evidently affecting neural functioning (Rao et al., 2008) . Our data further suggest that calpain inhibitors that could mimic the multiple sites of interaction between CAST and calpains would have particular advantages in conferring exceptional specificity and minimizing off-target interactions with other cysteine proteases. Despite the longstanding challenges associated with developing highly specific calpain inhibitors, there has been some success in calpain inhibition through the use of small-molecule CAST mimetics (Anagli et al., 2009) , as well as with small molecules that can upregulate the expression of CAST (Rami et al., 2003; Suwanjang et al., 2010) . The mounting evidence pointing to calpains as a target in major neurodegenerative diseases should provide strong motivation to pursue further drug development to modulate the calpain-calpastatin system.
